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Analysis of Data from Test-Well Sites Along the
Downdip Limit of Freshwater in the Edwards
Aquifer, San Antonio, Texas, 1985-87

By George E. Groschen

Abstract

Many researchers have studied the downdip
limit of freshwater in the Edwards aquifer or vari-
ous aspects of the saline-water zone and its rela-
tion to the freshwater zone. These studies were
summarized and used to synthesize a consistent
hydrologic and geochemical framework from
which to interpret data from field studies. The con-
cept derived from the previous work on the down-
dip limit of the freshwater zone is that fresh
recharge water entered the aquifer and developed
a vast flow system controlled by barrier faults.
Some recharge water flows into the saline-water
zone rather than toward major freshwater dis-
charge points. The water that enters the saline-
water zone continues to dissolve gypsum and
dolomite, and calcite precipitates out of the water.
This process of dedolomitization has helped to
develop the large secondary porosity of the fresh-
water zone as the downdip limit of the freshwater
zone progressively moved downdip in recent geo-
logic time.

The drilling of test holes and installation of
monitoring wells began in 1985 and helped to
define the downdip limit of the freshwater zone at
one location. Dolomite was found in greater
amounts in rocks from the saline-water-zone test
hole than in rocks from the freshwater-zone test
hole. Other mineralogic and lithologic contrasts
between the saline-water-zone test hole and the
freshwater-zone test hole support the conceptual
model of dedolomitization. Geophysical logs and
test-hole survey logs helped to define the stratifica-
tion of freshwater and associated altered rock tex-
tures, secondary porosity development, and water

chemistry in the freshwater-, saline-water-, and
transition-zone test holes.

The differences in actual measured head
among the seven completed monitor wells varied
over time, especially during periods of substantial
water use. The water levels in two monitor wells
completed at the freshwater zone (site D; wells D1
and D2) responded quickly and strongly to with-
drawals. In the transition zone (site C; wells C1
and C2), the water level in the shallow monitor
well (C1) completed in a cavern responded
quickly, but because it was farther from the water-
supply wells near site D, it did not respond as
strongly to changes in withdrawals at the nearby
well field. The water levels in the three saline-
water wells at site A (Al, A2, and A3) and the
deep site C well (C2) were less responsive to
stresses relative to the water-level changes in the
freshwater wells (D1, D2, and C1).

Large amounts of freshwater were produced
from the upper 300 to 350 feet of the aquifer in the
freshwater zone (site D). Water produced from
below this interval was as saline as that from the
saline-water zone (site A). The cavern near the top
of the aquifer in the transition zone (site C) pro-
duced large amounts of freshwater. The freshwater
produced from the cavern was of a different geo-
chemical type than the water from the other wells.
The saline-water-zone test hole (site A) produced
small amounts of water having specific conduc-
tance generally about 5,800 to 6,200 microsie-
mens per centimeter at 25 degrees Celsius.

A consistent trend in the water quality was
not detected in the monitor-well data for July
1986-April 1987. This was caused, in part, by the
average to above-average rainfall and by the lack
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of large withdrawals during the period. The water
quality of samples from several of the wells was
similar to the water quality determined by a previ-
ous study of the area. Geochemistry of the oil- or
gas-well brines from downdip in the saline-water
zone had slight resemblance to the geochemistry
of the water at the downdip limit of freshwater;
updip flow of saline water toward the freshwater
zone was not indicated.

INTRODUCTION

The Edwards aquifer in south-central Texas sup-
plies water for more than 1 million people in the San
Antonio metropolitan area, for industry and agricul-
ture, and for human and environmental needs down-
stream of major springs flowing from the aquifer
(fig. 1). The updip part of the aquifer contains fresh-
water (freshwater zone) and the downdip part contains
saline water (saline-water zone). Perez (1986) con-
cluded that, under certain conditions, movement of
saline water into the freshwater zone is possible. It is
therefore critical to know: (1) if and under what condi-
tions saline water will move into the freshwater zone;
and (2) if it does, how rapidly and how much of the
saline water will move. Should saline-water intrusion
occur, the extensively leached freshwater part of the
aquifer could allow rapid mixing of the saline water
and freshwater, possibly causing contamination of the
most productive part of the aquifer near San Antonio
and northeastward toward the major springs at New
Braunfels and San Marcos.

In 1985, the U.S. Geological Survey began a
study to improve the definition of the downdip limit of
freshwater and to assess the potential for saline-water
movement into the freshwater zone. This study was
conducted in cooperation with the San Antonio Water
System (formerly the City Water Board), the Edwards
Underground Water District, and the Texas Water
Development Board.

The freshwater and saline-water zones of the
aquifer are three-dimensionally complex and only
roughly defined. The interface (surface) between the
freshwater zone (dissolved-solids concentration less
than 1,000 mg/L) and the saline-water zone (dissolved-
solids concentration of 1,000 mg/L or greater) is
defined for this report as the downdip limit of fresh-
water. The downdip limit of freshwater is an irregularly
shaped surface, roughly concave upward, but tilted

toward the freshwater zone, similar to freshwater/sea-
water interfaces in coastal aquifers. The updip horizon-
tal extent of the surface where it underlies freshwater in
the Edwards aquifer is unknown, but its approximate
intersection with the top of the aquifer is mappable on
the basis of water-sample data from wells because most
Edwards aquifer wells tap the uppermost section of the
aquifer. The line on land surface directly overlying the
intersection of the downdip limit of freshwater with the
top of the aquifer locally is termed the "bad-water" line.
With some exceptions, this imaginary "bad-water" line
is the farthest horizontal extent of freshwater down the
southeastward dip of the aquifer.

In addition to the freshwater and saline-water
zones, a third zone of water quality in the Edwards
aquifer is defined qualitatively for this report because
the downdip limit of freshwater is not well character-
ized anywhere within the aquifer. The "transition
zone," as used in this report, comprises subzones of the
freshwater zone and the saline-water zone approxi-
mately within 1,000 ft on either side of the downdip
limit of freshwater (fig. 2).

A series of test holes was drilled and tests were
run in the open holes during drilling. Following those
tests, permanent monitor wells were installed at three
sites in or near the transition zone in San Antonio
(fig. 3). Different tests were run in the open test holes
than were run in the completed monitor wells. In this
report, the terms "test hole,” "open hole," or "primary
test hole" refer to the first hole drilled at each of the
three sites. Thus, three "test holes" or "open holes" are
defined: the site A (saline-water-zone) test hole, in
which monitor well A1 was completed; the site C (tran-
sition-zone) test hole, in which monitor-well C1 was
completed; and the site D (freshwater-zone) test hole,
in which monitor-well D1 was completed. The other
test holes and the tests conducted in them during drill-
ing generally are not discussed in this report.

The terms "monitor well” or "well" refer to the
wells completed in either the primary or other test hole
at each site. Three wells were completed at site A (A1,
A2, A3), two wells at site C (C1, C2), and two wells at
site D (D1, D2). In addition, water-level and water-
quality data were obtained from several wells that were
not part of the test-drilling and monitor-well program.
These wells are referred to as "observation wells."

2 Analysis of Data from Test-Weil Sites Aiong the Downdip Limit of Freshwater in the Edwards Aquifer, San Antonio, Texas, 1985-
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identification of the formations from preliminary
examination, are modified from Pavlicek and others
(1987) in figures 9-11. The informal members of the
Person and Kainer Formations (Rose, 1972) are shown
in these figures. Also shown in these figures are the tex-
tural terms used in table 1, which is the carbonate-rock
classification system of Dunham (1962, table 1,
reprinted by permission). The porosity-classification
system of Choquette and Pray (1970, fig. 2, reprinted
by permission), shown in figure 12, also is used in fig-
ures 9-11. Comparison of figures 9-11 indicates that
there are many distinct differences in geologic charac-
teristics across the downdip limit of freshwater.

In the drill cuttings taken from the site A test hole
in the saline-water zone (fig. 2), dolomite was identi-
fied in 7 of the 20 cuttings from above the RDM and in
14 of the 29 cuttings from below the RDM (fig. 9). In
the site C test hole, located in the transition zone, dolo-
mite was identified in 10 of the 21 cuttings from above
the RDM and in 17 of the 32 cuttings from below the
RDM (fig. 10). In the site D test hole in the freshwater
zone, dolomite was not identified in any of the 18 cut-
tings from above the RDM, but was identified in 19 of
the 33 cuttings from below the RDM (fig. 11). If these
cuttings are representative of the rocks in the Edwards
aquifer at the sites, less dolomite above the RDM is
related to greater water yield and less salinity. This
relation does not exist at site C, but a cavern, located in
the top of the Person Formation at this test hole, domi-
nated the results. The large amount of dolomite in the
cuttings from all the test holes below the RDM, and the
presence of saline water in these sections, indicate that
freshwater has not circulated in the section of aquifer
below the RDM as much as it has in the rocks above the
RDM at all the sites.

Pyrite was identified in the Georgetown Forma-
tion at all sites and in the top 5 to 15 ft of the Edwards
aquifer at sites A and C. The presence of pyrite indi-
cates that oxygen rich freshwater probably has not cir-
culated through these rocks. The Georgetown Forma-
tion generally is one of the least permeable hydrostra-
tigraphic units in the Edwards aquifer (Maclay and
Small, 1984).

If calcite precipitates in the aquifer matrix, as
proposed by Mench-Ellis (1985), the presence of
megascopic crystals, or aggregates of crystals, of clear
or drusy calcite would be an indication of the progres-
sion of the dedolomitization reaction. In the cuttings
from site A, single-crystal calcite or aggregate or cal-
cite crystal druse were identified in eight of the cuttings

from above the RDM and in three of the cuttings from
below the RDM (fig. 9). In the site C test hole, single-
crystal calcite or aggregate was identified in five of the
cuttings from above the RDM and in two samples from
below it (fig. 10). In the site D test-hole samples, sin-
gle-crystal calcite or aggregate calcite crystal druse
was identified in nine cuttings from above the RDM
and in eight cuttings from below the RDM (fig. 11).
Substantially more of the site D cuttings contained sin-
gle-crystal calcite or aggregate calcite crystal druse
than did the site A cuttings. According to the dedolo-
mitization reaction, calcite precipitation should pre-
cede the preferential dissolution of dolomite; if the
cuttings are representative of the sites, this relation is
borne out.

Celestite was identified in one sample from
above the RDM in the site A test hole and in eight sam-
ples from below the RDM. In cuttings from site C, cel-
estite was not identified in any of the samples from
above the RDM, but was identified in two samples
from below it. In cuttings from the site D test hole, cel-
estite was identified in two samples from above the
RDM, but was not identified in any samples from
below it. Celestite identifications were tentative
because celestite is difficult to identify accurately by
optical microscopy alone. The cause of the distribution
of celestite in these test holes is not well understood.

Another possible indication of the amount of
water circulating in the rocks is the number of calcite
filled microfractures identified in the drill cuttings.
Microfractures filled with mineral precipitates (calcite)
were identified in five cuttings from the site A test hole
above the RDM, but not in any cuttings from below the
RDM. In the site C test hole, filled microfractures were
identified in five cuttings from above the RDM and in
one cutting from below it. Filled microfractures were
not identified in cuttings from site D. Filled microfrac-
tures could be an index of the relative state of saturation
of the pore water residing in the rocks. Lack of filled
microfractures indicates that the pore water in the rocks
of the freshwater zone is not supersaturated with
respect to any mineral; however, the presence of filled
microfractures at site C and site A test holes indicated
that the saline water is supersaturated with respect to
calcite.

The most important geologic and hydrologic dif-
ferences among the three lithologic columns (figs. 9-
11) are the amount and type of porosity in the aquifer
matrix. In the site A test hole, eight drill cutting sam-
ples from above or in the RDM and six cutting samples
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MATRIX
STRATIGRAPHY UTHOLOGY TEXTURE POROSITY
y ]
Il e —
Nalk. P "
B, .
1,000 =~ 0 A k# ™ poor
g WA M w BPAMO i
rs \ - n
A 77 13 S
<< 7778 20 o0
1,050 = 3 7777 \ : :I)ﬁ
g AQ >y "
S lAQ wp 1-MO8P poor
[ ™
1,100 = 2 ; ‘7/( = mw :”
i [N o H [ e
R EAN » pour
g o\ #I- pooe
g V= P ud
1,150 = T g \ | oW
Qe &= wp MO+8P poor
§ 0@ W Arrn m n
i E member m n
= =2 ] ) BP ik
g 1,200 — g g (e} P BPAWP fair
|8 S a5l
z Z H by B0 e
9 ; E 171/ & mog MO poor
u ) 7777 ~op e
E , - ﬂ/}ﬂ o3 o] BPWP fair
& ViAa==3E W
_BPWP e
z A/T78 &R | ™ e
E /717 @0 | g O e
o A MOk
1,300 — g g |4 Tl 5 8P poor
H § |Jo = s 0+8P good
@ 3 7777, &l = ukan
uf g 8 poor
1,350_ M BXTR m n
P NS poor
A& e n
g (e} my BP good
1,400 = x A 3 M~ mw poor
[} wg 8P poor
W{ mw n
7R
rm - poor
Mﬁ*’d - n
1.450 - A ... " "
nodulsr \‘ e w n
Total
depth v member e N o -
1,489 2 -

EXPLANATION

STRATIGRAPHY
Stratigraphy from Rose, 1972 (fig. 5)

UTHOLOGY
Fossil allochem
@ milliolid foraminifera
J caprinid rudistid
(\ Toucasia rudistid
§ gastropod
\_ other moliusc fragments

Mineral constituent
//// dolomite (otherwise calcite)
A chert
W pyite
L7 single crystal caicite or aggregate

P calcite crystal druse
EX) celestite?

. pmt:e replaced allochems, or
oo k rotund bodies (BRB)

Sedimentary structure

Asner pressure solution boundaries or
clay seams

Tectonic structure
H caicite-filed microfracture

TEXTURE (from Dunham, 1962)
m = fime mudstone (micrite)

w = wackestone
p = packstone
g = grainstone

MATRIX POROSITY
Type (from Choquette and Pray, 1970)
BP = interparticie
WP = intraparticie
BC = intercrystal
MO = moidic
Degree
n = negiigible
poor, fair, and good are qualitative modifiers

NOTE: Cm collected at approximately 10-foot
in . All descriptions based only on
hand-sample examination of cuttings.

Figure 9. Stratigraphy, lithology, textures, and matrix porosity of the drill cuttings, site A test hole, San Antonio,
Texas. (Modified from Pavlicek and others, 1987, p. 21.)
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Figure 10. Stratigraphy, lithology, textures, and matrix porosity of the drill cuttings, site C test hole, San Antonio,
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Figure 11. Stratigraphy, lithology, textures, Neogene diagenetic features, and matrix porosity of the drill cuttings,
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Table 1. Carbonate-rock classification system

[from Dunham, 1962, table I, reprinted by permission]

Depositional texture recognizable Depositional texture
not recognizable
Original components not bound L &
together during deposition Original components were bound
together during deposition... as .
Contains mud Lacks mud shown by intergrown skeletal Crystalline carbonate
(particles of clay and fine silt size) and is matter, lamination contrary to
rain- gravity, or sediment-floored Subdivid di
Mud-supported Grain- s 8 rted cavities that are roofed over by (Su ]lw §ﬁacct]pr ing
supported upporte organic or questionably organic to classifications
Lessthan | More than matter and are too large to be designed to bear
10 percent 10 percent interstices. on physmal texture
grains grains or diagenesis.)
Mudstone | Wackestone | Packstone | Grainstone Boundstone
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from below it had negligible matrix porosity. In the
samples from the site C test hole, negligible matrix
porosity was identified in nine samples from above or
in the RDM and in seven samples below it. In the site
D cuttings, negligible matrix porosity was identified in
all 18 samples from above the RDM; matrix porosity
was identified in 4 of the 33 cuttings from below the
RDM (including the Glen Rose Formation beneath the
Edwards aquifer). This distribution follows the pattern
identified by Maclay and Small (1984) in cores from
the freshwater and saline-water zones.

Only the cuttings from the site D test hole had
Neogene diagenetic features, on the basis of the
description of diagenesis in the Edwards aquifer by
Mench-Ellis (1985). These include ferric (reddish) iron
staining, "altered" texture (primarily referring to exten-
sive dissolution and recrystallization of the rocks), and
tentatively identified dedolomite (Pavlicek and others,
1987). These are the major textures and petrographic
characteristics of matrix rocks that were identified by
Maclay and Small (1984) and Mench-Ellis (1985) as
indicative of the final stages of the dedolomitization
reaction and formation of the large secondary porosity
responsible for the greater permeability of the fresh-
water zone. These diagenetic features were identified in
all the cuttings from above the RDM, in the RDM cut-
ting, and in 11 cuttings from below the RDM of the site
D test hole. The diagenetic features were not observed
in the deepest 20 cuttings from the site D test hole, but
dolomite was identified in most of these cuttings. All of
the petrographic observations about the drill cuttings
were taken from Pavlicek and others (1987). Petro-
graphic examination of rock thin sections is necessary
to document, in detail, the Neogene diagenetic features.

Video logs made of the test holes revealed sev-
eral interesting and important aspects of the geology of
the rocks. The site A test hole had more vertical frac-
tures that appeared to be open to water flow below the
RDM than above it. Relatively good development of
vugs and openings for water flow was apparent in the
site A and the site C test holes. Most vugs and openings
were restricted to distinct strata several feet thick. The
site D test hole, however, had few indications of vugs
or other strictly solution-mediated openings. Broken
rubble and boulders were common from the top of the
Person Formation to about one third of the way down
the Kainer Formation. Below this zone, the Kainer For-
mation in the site D test hole appeared similar to that in
the other two test holes.

Geophysical Data
Site A

Geophysical logs for the test hole in the saline-
water zone at site A are shown in figure 13. The hole-
diameter log indicates that the test hole was not compe-
tent through most of the section. A number of washouts
and greatly fractured or cavernous zones coincided
with places where the diameter of the test hole was sub-
stantially greater than 8 in.

The tool used to measure gamma radiation
responds to gamma rays emitted by the naturally occur-
ring radioactive minerals usually present in clays. The
amount of natural gamma radiation is directly related to
the amount of clays and clay minerals in the rocks,
especially in the pure carbonate rocks that make up the
Edwards aquifer. The spike at point T in the natural
gamma log (fig. 13) was caused by the reduction in
gamma rays from the larger diameter test hole because
the tool does not compensate for hole diameter. The
enlargement of the test hole can be seen on the hole
diameter log at the same depth. The spike at point 8
(fig. 13, RDM) was caused by the substantially greater
clay content of the RDM. This is one of the reasons that
the RDM usually can be positively identified on
gamma logs (Small, 1985). Combined with the hole
diameter, which shows a narrow "in-gage" hole (the
hole diameter is close to the diameter of the drill bit),
the natural gamma and hole diameter indicate a compe-
tent and clayey section that is distinct from the rest of
the test hole. The spike at point 1 (fig. 13) indicates the
increase in clay content of the basal nodular member,
which usually is a distinguishing trait of the base of the
Kainer Formation (Small, 1985).

The spontaneous potential logs and resistivity
logs generally are not useful in carbonate rocks with
freshwater fluid in the hole. The test holes were drilled
using a reverse air rotary process without drilling fluid,
which explains why distinguishing characteristics were
not apparent in the spontaneous potential log (fig. 13).
The resistivity logs show distinct spikes of increased
resistivity above the RDM, but it is not known whether
these indicate water with less salinity than water below
the RDM. The fluid resistivity and temperature logs
(fig. 14) indicate that the fluid above the RDM has
greater resistivity than the fluid below the RDM.
According to these data, the responses of the resistivity
logs probably were caused by salinity variations of the
formation water or the rugosity of the holes.
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Figure 14. Spinner survey, temperature, and fluid resistivity logs of site A test hole, San Antonio, Texas.
(Modified from Pavlicek and others, 1987.)
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The neutron porosity log (fig. 13) is compensated
for hole diameter. Therefore, the response of this tool
can be interpreted directly as porosity where the test
hole is not rugose based on a relation established
between the tool response and a standard limestone
with known porosity. Other minerals that affect the
neutron response are dolomite and silica. The apparent
limestone porosity represents the actual porosity only if
the rock is pure limestone with no substantial amount
of silica (either chert or sandstone) or dolomite. Sub-
stantial dolomite was present in the drill cuttings. For
instance, a limestone porosity of 10 percent corre-
sponds to a dolostone porosity of 7.5 percent. The log
indicates a distinct difference in the nature of the poros-
ity from above the RDM to below the RDM where the
hole is rugose. A number of large spikes are apparent in
the neutron porosity log of material above the RDM.
Spikes are more numerous, but smaller in the porosity
log of material below the RDM. The log shows slight
porosity of material in the RDM.

The gamma-gamma (density) log was compen-
sated for the diameter of the test hole by a single-arm
caliper, but this cannot adequately -ompensate for
strong hole rugosity or small caverns (MacCary, 1978).
The compensated density log responds to the bulk den-
sity of a volume of rock and water around the tool. Less
density indicates substantial secondary porosity filled
with water—density about 1.0 g/cm3. Some extensive
secondary porosity filled with water is probable where
the sections of test-hole diameter greater than 8 in. cor-
responded to spikes of lesser density on the density log.
Pure limestone has a density of about 2.71 g/cm3 and
dolomite has a density of about 2.88 g/cm3. The RDM
has a bulk density of less than 2.71 g/cm3 and only a
few small layers have a density greater than 2.71
g/cm3. Many of the spikes indicating lesser density in
the log correspond to spikes in the neutron porosity log
that indicate greater porosity, which further indicate
water filled fractures and pores. The spikes in the
gamma-gamma (density) log are subdued below the
RDM as are the spikes in the neutron porosity log.

The acoustic velocity log (fig. 13) measures the
speed of a sound wave transmitted through the rocks
surrounding the tool. The velocity in rock is greater
than the velocity in water, so relative velocity is indic-
ative of the porosity and interconnections of the water
filled pores and fractures in the rocks. The spikes show-
ing long transit times just above and below the RDM
indicate zones with substantial secondary porosity.

The spinner survey and the temperature and fluid
resistivity logs (fig. 14) measure attributes of the fluid
in the test hole. The spinner survey indicates that most
of the flow from the open test hole was from above the
RDM. The geophysical logs (fig. 13) indicate that this
is caused by greater secondary porosity above the
RDM. The uniform temperature with depth is indica-
tive of the slow movement of the water in the saline-
water zone. The slow movement of fluid in the saline-
water zone allows the geothermal heat to flow up
through the fluid and rocks uniformly. The fluid
resistivity log indicates that the fluid usually is more
saline with depth.

Site C

The logs for site C (the transition zone) are
shown in figures 15 and 16. The hole diameter (fig. 15)
indicates that this test hole was a more uniform in-gage
hole than the site A test hole in the saline-water zone.
Several spikes in the log indicate a hole wider than 8 in.
(out of gage). At the top of the Person Formation, just
below the Georgetown Formation, is a cavern about 8
ft deep (vertical measurement). The caliper did not give
an indication of the true size of the cavern because the
cavern extended more than several feet from the center
of the test hole. Another relatively smooth spike is evi-
dent 20 to 30 ft below this cavern. This probably was
caused by the widening of the test hole resulting from
incompetent rocks or fractured rocks that fell into the
hole. Again, the RDM appears to be a competent dense
rock. The hole diameter shows slight openings of
unknown origin in the test hole just below the RDM
and midway between the RDM and the bottom of the
hole.

The natural gamma log starts below the top of the
Edwards aquifer. Major deflections in this log include
one at the RDM and one near the bottom where an
increase in gamma radiation was caused by the
increased clay content of the basal nodular member.

The spontaneous potential log is ineffective in a
test hole drilled without drilling mud. The only spike is
at the RDM. The 16- and 64-in. resistivity logs have a
major deflection at 10 to 20 ft below the cavern at the
top of the Person Formation. The deflection might be
related to the smooth spike in the hole diameter near
this level, indicating a wider hole.

The neutron porosity log shows substantial
porosity at the same level as the cavern and an appar-
ent zero-porosity layer just below it. Effects of the
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freshwater in the cavern at the top of the Person Forma-
tion are not known. Many large spikes in the neutron
porosity log of the Person Formation correspond to
porous layers. Examination of the drill cuttings
revealed that a considerable amount of dolomite was
present in this interval; therefore, the limestone poros-
ity from the log appears to be greater than actual poros-
ity. The porosity of the RDM is slight, as indicated by
this log. The spikes in the neutron log are subdued in
the Kainer Formation below the RDM. This could be
caused by the less developed secondary porosity, such
as that noted in the saline-water-zone rocks by Maclay
and Small (1984). About midway down the Kainer For-
mation, the spikes in the neutron porosity log become
noticeably smaller than those in the log of the upper
half of the Kainer Formation. This indicates the level
below which little to no alteration by freshwater has
occurred.

The gamma-gamma (density) log starts above
the Georgetown Formation and indicates that the for-
mation is a dense carbonate rock with slight porosity.
Maclay and Small (1984) stated that the Georgetown
Formation is composed of limestone containing little or
no dolomite. A large spike below the Georgetown For-
mation in the top of the Person Formation indicates the
cavern at this level. The spike in the density log of the
rock just below the cavern could be an indication of the
same dense layer of slight porosity shown by the neu-
tron log. This dense layer might prevent the freshwater
in the cavern from moving down through the rocks
below. The characteristics of the neutron and density
logs from the site A test hole and from the site C test
hole indicate that thin, porous, less dense layers alter-
nate with thin, slightly porous, dense, layers through
the Person Formation above the RDM.

The acoustic velocity log also indicates stratifi-
cation of porous zones. The major spikes on this log are
at the cavern near the top of the Person Formation and
20 to 40 ft above the RDM. Large spikes are not appar-
ent below the RDM.

A static spinner survey (fig. 16) was conducted
while the test hole was shut-in (no flow was allowed to
come out of the casing at the surface), and a dynamic
spinner survey was conducted while water was allowed
to flow at the surface. On the basis of static spinner
results, flow could have continued in the test hole even
when flow was not allowed at the surface. The limited
data were not corrected for hole diameter variations
and do not indicate where the water was flowing. Water
could have been flowing out of the cavern into the test

hole and then down the test hole into the saline-water
zone below the cavern. The dynamic spinner survey
was run as the tool was lowered down into the test hole
at 0.74 ft/s. Because the tool was moving down the test
hole, it was difficult to determine if there was flow
downward in the test hole while the water was flowing
at the surface. The constant 0.74 turns per second of the
spinner tool as it was lowered below the RDM could
indicate no-flow conditions in the test hole below the
RDM.

The curve of the temperature log (fig. 16) with
depth indicates that the saline water at depth was
substantially warmer than the freshwater near the top.
Unlike the smooth shape and slight slope of the temper-
ature log for the site A test hole, the temperature log of
the site C test hole is marked by breaks in slope and is
steeper from top to bottom. This is caused by the
greater velocity of the freshwater in the cavern near the
top relative to the velocity of the saline water. The fast
flowing water is able to absorb and rapidly transfer
geothermal heat; therefore, the temperature of the
freshwater was less than would be expected if the water
was stagnant.

The stratification of salinity shown by the fluid
resistivity log (fig. 16) could be related to this stratifi-
cation of porosity. The flow tests to determine relative
permeabilities also indicate that rock stratification
affects flow in these rocks. Because of the drilling
methods used and the structure of these deep test holes,
detailed vertical profiles of water chemistry and rock
stratification were not obtained. Maclay and Small
(1984) indicated the presence of considerable perme-
ability stratification in the cores of the Edwards aquifer
rocks they studied from the saline-water and freshwater
zones. The unexpected increase in resistivity of the
fluid shown in the fluid resistivity log in the Kainer For-
mation could have been caused by fresher water flow-
ing down into the aquifer in the lower part of the open
hole.

Site D

The geophysical logs of the freshwater-zone test
hole (site D) are shown in figure 17. The hole diameter
has a distinctly different shape from the diameters of
the other two test holes. The scale on the site A and site
C test holes is 6 to 14 in.; the scale on the site D test
hole is 6 to 42 in. to accommodate the larger diameter
of this test hole. At least one of the spikes near the top
of the Person Formation exceeded 42 in. The hole
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diameter indicates that the entire section of the Person
Formation, excluding the RDM, is incompetent and
broken. Much of the matrix rock in this section proba-
bly fell into the test hole and was pulverized by the drill
bit. The section of the test hole that had large broken or
fractured sections extends below the RDM about the
same distance as the porous and less dense zones
extend below the RDM in the site C test hole. Below
this point, the site D hole diameter shows a much more
competent rock that is closer to the size of the drill bit
(in gage), although still much wider than the other test
holes. This widening at the bottom could be the result
of the instability of the drill stem caused by the caverns
created as the drill bored through the incompetent and
broken sections in the upper Kainer and Person Forma-
tions.

The fluctuations in the natural gamma log indi-
cate the changes in test-hole diameter, except in the
Georgetown Formation, the RDM of the Person For-
mation, and near the bottom of the Kainer Formation in
the basal nodular member. In the RDM, small spikes
appear in the natural gamma log, which could be the
result of wide sections of test hole. This is confirmed by
the large spike in the acoustic velocity log in the RDM.

The spontaneous potential log shows nothing
substantial. The 16- and 64-in. resistivity logs exhibit a
number of spikes, but these do not appear to be related
to any noticeable feature of the rocks. Neutron porosity
and density logs were not run in this test hole. The frac-
tures and broken nature of the rocks of the Person For-
mation and the top of the Kainer Formation indicated
that the rocks were unstable and could collapse on top
of the tool, causing possible loss of a radioactive source
in the freshwater zone of the aquifer.

The acoustic velocity log indicates that so little
competent rock surrounded the tool that only water
transmitted the sound wave from the transmitter to the
receiver. This resulted in a condition whereby the sig-
nal received by the transmitter was received later than
is normally expected for competent rock surrounding
the tool; thus, the cycle of transmitted signal being
picked up by the receiver was offset by one or more
cycles. This phenomenon is called cycle skipping
(MacCary, 1978). A cycle skip was evident in the
RDM; even this otherwise competent layer has been
extensively fractured or dissolved. The cycle skipping
stopped at the same level in the Kainer Formation
where the hole diameter corresponds to more in-gage
conditions of the test-hole diameter, and where the neu-
tron and gamma-gamma logs of the transition-zone

(site C) test hole show distinct changes. The logs indi-
cate that the rock below this level was more intact than
the rock above it.

Static and dynamic spinner surveys were made in
the site D test hole (fig. 18). Three static measurements
were made at depths of 847.5 ft (17.5 turns per second),
860 ft (5 turns per second), and 870 ft (S turns per sec-
ond), when no flow was allowed at land surface. These
data indicate that more flow occurred at a depth of
847.5 ft than at the other two depths. Some of the
increase in flow rate might have been caused by a
slightly smaller diameter of the test hole at 847.5 ft.
Flow occurred in this test hole even when flow was
stopped at the surface, as it did in the test hole at site C.
The dynamic spinner survey was run while water was
allowed to flow at the surface. The tool was lowered
down the test hole at about 1.8 ft/s. The data were not
corrected for test-hole diameter. Because the log was
not run in the opposite direction, data from this
dynamic spinner survey were difficult to interpret. The
smallest number of turns per second could indicate
either that the tool was moving through still water, or
water was moving slowly past the moving tool. The
increases in the readings correspond to an increase in
the velocity of water moving up past the downward
moving tool. Increases in the upward movement of
water are indicated near the top of the Person Forma-
tion, 40 to 50 ft above and below the RDM. Most of the
flow from the test hole came from the top 100 ft of the
Person Formation.

A slight increase in the fluid temperature (fig. 18)
is evident in the Kainer Formation where the cycle
skipping of the acoustic velocity log ceased. The fluid
resistivity log recorded an increase in salinity in this
part of the Kainer Formation.

A number of similarities are apparent between
the logs of the sites C and D test holes. Both suites of
logs indicated that the most porous and permeable sec-
tions of these test holes were above the middle of the
Kainer Formation. The Person Formation appeared to
be leached and porous in both test holes. The greatest
difference was that the freshwater and most of the flow
of the site C test hole was confined to the cavern near
the top of the Person Formation. Flow in the freshwater
section was more evenly distributed over the leached
and porous zone of the site D test hole than in the site
C test hole. Another difference between the sites C and
D test holes is that, on the basis of texture and fractur-
ing of the rocks at the freshwater zone, the site D test
hole was drilled within a fault zone. A fault zone where
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rocks are extensively broken up would be more perme-
able to freshwater infiltration and the associated alter-
ation of the rocks as described by Mench-Ellis (1985).

Hydrologic Data

Hydrologic analysis of ground water commonly
is based on observed fluctuations in water levels. These
fluctuations could be caused naturally by changes in
recharge and discharge or caused artificially by pump-
ing water from wells. In this section, the following top-
ics are discussed: (1) water-level fluctuations caused
by allowing certain sections of the open drill hole to
flow before installing well casing; (2) water-level fluc-
tuations caused by changes in natural recharge and dis-
charge and pumping (drawdown tests); and (3) water-
level fluctuations caused by artificially imposed water
withdrawals in completed wells.

Flow Tests Before Installing Well Casing

During drilling, and before installing well cas-
ing, tests of the flow of water from certain sections of
each test hole were possible because the static hydrau-
lic head was above land surface. In the following dis-
cussion of these tests, the terms cumulative-depth flow
tests or cumulative-depth tests refer to the process of
stopping the drilling after approximately each 50 ft,
allowing the water to flow around the drill stem and
other equipment in the test hole for 1 hour, and then
measuring the rate of discharge from the test hole. The
water level was measured before flow began and after
an apparent equilibrium of flow was established. Open-
hole tests were made after all the drilling equipment
was withdrawn from the completed test hole and the
water was again allowed to flow. Single-packer tests
were made after the open-hole test. Equipment was
lowered into the test hole to hydraulically divide the
test hole into vertical sections by an inflatable packer.
The packer was set at predetermined depths and
inflated to press against what was assumed to be unbro-
ken and solid low-porosity rock. Flow from above and
below the packer was measured along with the water
levels before flowing and after equilibrium flow was
established. Flow was allowed from only one isolated
section at a time. The data from the cumulative-depth
flow tests at test holes A1, C1, and D1, plotted in figure
19, are modified from Pavlicek and others (1987).

William F. Guyton Associates, Inc. (1986) made
a number of assumptions about the nonoptimal condi-

tions of the cumulative-depth flow tests to estimate
transmissivities of each section of each hole tested. All
transmissivities discussed below are from William F.
Guyton Associates, Inc. (1986, p. 25-27). In the site A
test hole, the transmissivity began at 5,030 fi2/d in the
top 100 ft and, with few exceptions, increased to
12,400 ft2/d. The transmissivity from the open-hole test
at Al was 11,600 ft2/d. Transmissivity in the secondary
test hole at site A in which well A3 was completed
began at 8.0 ft/d for the top 50 ft and increased to
2,400 ft2/d for the open 200 ft.

At the site C test hole, the transmissivity was
42,400 ft2/d for the top 50 ft and generally decreased
with increasing cumulative depth of the hole. Slight
increases were observed at certain levels in the wells;
the decrease probably resulted from the poor condi-
tions for measuring transmissivity, primarily for mea-
suring discharge. The transmissivity from the open-
hole test was 39,600 ftzld, which is similar to the larg-
est value of the cumulative-depth flow tests. Almost all
flow from the open test hole at site C was from the top
50-ft section.

The flow tests using a single packer to divide the
site C test hole into two sections resulted in transmis-
sivity for the top section of the test hole that was greater
than that from cumulative-depth flow tests for the top
section and much greater than the open test-hole trans-
missivity. These discrepancies resulted primarily from
nonoptimal conditions for measuring aquifer-test data,
but indicate that downward flow occurred in the test
hole during the cumulative-depth and open-hole flow
tests.

The single-packer or interval flow tests indicated
that the transmissivity for most of the lower 500 ft of
the site C test hole was 50 to 180 times less than the
transmissivity for the top 39 to 100 ft (William F.
Guyton Associates, Inc., 1986, p. 25-27). The greater
observed transmissivity was caused primarily by the
cavern located in the top 8 ft of the Edwards aquifer
below the Georgetown Formation. It is possible that
water from the cavern at the top of the aquifer in the
transition zone was flowing down the open test hole
into the lower section of the aquifer through the open
hole. This flow could explain the discrepancy between
the test results, assuming that the differences in the
flow rates were not caused by measurement error.

A cumulative-depth flow test in the site C sec-
ondary test hole (in which well C2 was completed)
yielded a small transmissivity. The transmissivity was
52 ft%/d in the top 50-ft section (the same depth interval
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where the cavern was encountered in primary site C
test hole) and 48 ft2/d in the top 100-ft section. The
transmissivity for the open-hole flow test at the second-
ary site C test hole was 694 ft2/d. The secondary test
hole at site C apparently was in a zone that has a small
transmissivity relative to the zone where the primary
site C test hole was.

Because of difficulties in obtaining the necessary
data, only one of the cumulative-depth flow tests at the
site D test hole produced an estimate for transmissivity.
The transmissivity was estimated as 72,300 ft%/d in the
freshwater zone from a depth of 854 to 1,052 ft. The
transmissivity from the open-hole test was estimated at
79,000 ft2/d. Single-packer tests indicated that most of
the transmissivity (almost 95 percent) was in the sec-
tion of the test hole above a depth of 1,040 ft. Depth to
the RDM at this site is between 1,030 and 1,045 ft
below land surface.

Drawdown Tests

Several drawdown tests were conducted before
and after monitor wells were completed in the second-
ary test holes at sites C and D and in wells Artesia 1 and
Artesia 3. Artesia 1 was an observation well that was
open above the RDM at the depth interval 863 to 977 ft
below land surface. Artesia 3 is a water-supply well
that is open to most of the Edwards aquifer (860 to
1,108 ft depth). The drawdown tests were conducted to
compare the response of the monitor-well water levels
to drawdown resulting from allowing the primary test
hole or completed well to flow. The data were pub-
lished in Pavlicek and others (1987). The effect of
drawdown on water levels in monitor-wells C1 and C2
and in observation well Artesia 1 while water flowed
from the site C open hole is shown in figure 20a. The
response of well C2 to drawdown in the C1 open test
hole was slight. Over the period tested, the drawdown
in the test hole was about 30 ft and the response of the
well C2 water level was between 2 and 3 ft. The water
level of the Artesia 1 well showed no discernible
response to the flow from the site C test hole.

After the monitor well was completed in the site
C test hole (well C1), a similar test was conducted. The
water-level drawdown (fig. 20b) in the completed mon-
itor-well C1 was greater by about 4 to § ft than was
drawdown in the open test hole (fig. 20a). The response
of the water level in well C2 was negligible. The water
level in the Artesia 1 observation well did not respond
to the flow of the completed well at C1.

The slight drawdown in well C2 caused by flow
at site C open test hole, and the lack of response of C2
when the completed monitor-well C1 flowed, indicated
vertical anisotropy in that part of the aquifer. The inter-
val of test hole C1 that was completed as a monitor well
(fig. 3) was above the RDM. When only this interval
was allowed to flow at land surface, well C2, with its
monitor interval below the RDM, did not produce a
measurable response.

The drawdown test conducted at the site D test
hole (fig. 20c) was equally inconclusive. The draw-
down in the open test hole (depth interval 854 to 1,384
ft) was about 14 ft. The water levels in Artesia 1 and
Artesia 3 did not respond to the flowing of the site D
test hole. The lack of response of the two Artesia wells
indicates horizontal anisotropy at the site D/Artesia
well-field area. During the test, the site D test hole was
open to the entire thickness of the Edwards aquifer.
Related studies indicated that the site D test hole was in
or near a fault zone, and that Artesia 1 probably was
located outside this fault zone (P.L. Rettman, U.S. Geo-
logical Survey retired, oral commun., 1987). This
could account for the difference in response to the
water levels, but the results are inconclusive.

Water-Level Fluctuations in Completed Wells

Water levels were observed in the completed
monitor wells from July 1986-May 1987 to interpret
the effects of variations in precipitation and artificially
induced discharge changes on the hydrology of the
aquifer at the downdip limit of freshwater. The water
levels of the monitor wells and corresponding precipi-
tation amounts are shown in figures 21a-i. Water levels
are expressed as absolute hydraulic head (altitude
above sea level) in these figures, rather than as equiva-
lent freshwater head, because equivalent freshwater
head can lead to inappropriate interpretations of flow
directions (Davies, 1987).

The relation among the wells at the various
depths was generally consistent between site A and site
C. The shallowest wells usually had the highest
hydraulic heads and the deepest wells had the lowest
heads. At site A, the differences in head were caused
primarily by increased salinity (density) between the
various monitor intervals and by the difference in the
length of the water column in each well. The difference
between the head in the shallow freshwater well (D2)
and the deep saline-water well in the transition zone
(C2) was frequently greater than could be accounted
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Figure 20. Water levels in test holes and monitor wells at sites C and D and observation wells Artesia 1 and 3,

San Antonio, Texas, during drawdown tests.
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NOTE: No measurable precipitation for the month
except 0.06 inch on July 20, 1986.

Figure 21a. Water levels in monitor wells A1, A2, A3, C1, and C2 and precipitation, San Antonio, Texas, July 16-
31, 1986.
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Figure 21b. Water levels in monitor wells A1, A2, A3, C1, C2, D1, and D2 and precipitation, San Antonio, Texas,
August 1986.
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